ABSTRACT: Dynamic processes (physical, chemical and biological) challenge our ability to quantify and manage the ecological risk of chemical contaminants in estuarine environments. Selenium (Se) bioavailability (defined by bioaccumulation), stable isotopes and molar carbon-tonitrogen ratios in the benthic clam Potamocorbula amurensis, an important food source for predators, were determined monthly for 17 yr in northern San Francisco Bay. Se concentrations in the clams ranged from a low of 2 to a high of 22 µg g −1 over space and time. Little of that variability was stochastic, however. Statistical analyses and preliminary hydrodynamic modeling showed that a constant mid-estuarine input of Se, which was dispersed up-and down-estuary by tidal currents, explained the general spatial patterns in accumulated Se among stations. Regression of Se bioavailability against river inflows suggested that processes driven by inflows were the primary driver of seasonal variability. River inflow also appeared to explain interannual variability but within the range of Se enrichment established at each station by source inputs. Evaluation of risks from Se contamination in estuaries requires the consideration of spatial and temporal variability on multiple scales and of the processes that drive that variability.
INTRODUCTION
Dietary contaminants such as selenium (Se), mercury and organic chemicals have the potential to threaten fish and birds and to impede ecosystem restoration efforts in rivers, lakes and estuaries worldwide. Selenium contamination remains an ongoing issue for resource managers because it is a by-product of common economic activities including coalfired generation of electricity; oil refining; agriculture; and mining of phosphate, copper and uranium (Chapman et al. 2010) . Managing Se waste in nature is complicated because the margin is narrow between Se concentrations that are nutritionally optimal and those that are potentially toxic (Wilber 1980 ). The few studies done to date indicate that understanding the fate and bioavailability of Se in estuaries is especially challenging because of the dynamic nature of source inputs as well as the complexity of Se biogeochemistry, physiological uptake and estuarine hydrodynamics (Cutter 1989 , Cutter & San Diego-McGlone 1990 , Stewart et al. 2004 . A good example of this complexity is found (occurs) in California's San Francisco Bay, where there are multiple sources of Se and where concentrations of Se in food webs vary markedly among species as well as temporally and spatially (Linville et al. 2002 , Stewart et al. 2004 . It is important to understand the drivers of these complexities in this estuarine ecosystem because future changes in source loading, water management, hydroclimatic conditions and ecosystem restoration could alter Se exposures, potentially exacerbating the problem.
In this paper, a long-term time series (17 yr) of monthly Se concentrations in a biomonitor, the bivalve Potamocorbula amurensis, was used to evaluate temporal and spatial variability in Se in the San Francisco Bay food web. Bioaccumulation of Se in invertebrates has been shown to reflect source inputs and to be related to concentrations of Se in predators, where the most serious impacts are likely to occur. Se in predators can be predicted by prey Se concentrations with a relatively high degree of confidence, if food web structure is generally known (Presser & Luoma 2010 . Predators tend to weakly biomagnify Se from their food such that relatively large differences in Se bioaccumulation among invertebrate species (Schlekat et al. 2002 , Lee et al. 2006 are often observed in their predators. For example, in San Francisco Bay, Se concentrations in the benthic food web exceed those in the pelagic food web because the resident bottom-dwelling bivalves strongly bioaccumulate Se compared to local pelagic crustacean prey (Stewart et al. 2004) . P. amurensis is the predominant bivalve in northern San Francisco Bay. It is a rapidly growing, invasive species that bioaccumulates Se more efficiently than other invertebrates (Linville et al. 2002 , Stewart et al. 2004 . The predators that are most at risk from Se exposure in the bay are those that feed on P. amurensis and other bivalves.
Following the discovery of elevated Se concentrations in clam-eating predators in San Francisco Bay (Ohlendorf et al. 1989 (Ohlendorf et al. , 1991 , the US Geological Survey (USGS) and California Water Quality Control Board initiated a monthly monitoring program of Se in Potamocorbula amurensis. Linville et al. (2002) found that Se concentrations in P. amurensis differed seasonally from 5 µg g −1 dry wt up to 22 µg g −1 dry wt from 1995 through 1997, but the cause was not clear. Cutter (1989) identified 2 possible sources of enriched Se input to the estuary: effluent from refineries processing oil from the central valley of California and agricultural irrigation runoff from the central valley of California entering the estuary from the San Joaquin River. Mass balance showed that refineries were a large source of Se compared to other inputs, especially during periods of low river inflows (Cutter & San Diego-McGlone 1990) .
But between 1997 and 2011, a number of changes to both Se loading and environmental conditions have occurred that may have driven longer-term changes in Se bioavailability to Potamocorbula amurensis. A reduction in Se discharge from the oil refineries in 1998 (Taylor et al. 1992 ) resulted in a decrease in total Se loads and a change in Se speciation from selenite to selenate and organo-selenium ). Large year-to-year differences in annual inflow from the rivers as well as increased exports of freshwater from the delta for human consumption also could have affected the concentrations and bioavailability of refinery and San Joaquin River agriculture drainage source contributions. Finally, changes in the quantity or quality of food, including phytoplankton biomass or shifts in phytoplankton community structure (Baines & Fisher 2001) , could potentially influence spatial and temporal variation in Se bioavailability to the clams. Here we show the cumulative effect of a combination of such changes on Se exposures in an estuary by considering hydrology, hydrodynamics, biology of the species involved and ecological processes that could affect Se bioavailability.
We employed monthly Se and stable isotope (C, N) measurements in Potamocorbula amurensis over a 17 yr period from May 1995 through February 2012 to address the following questions. (1) Has seasonal variability in clam Se concentrations persisted since the earlier studies, and does this variability affect the determination of longer-term trends? (2) Are the causes of seasonal variability different from the causes of longer-term trends? (3) Once seasonal patterns are considered, can changes over the 17 yr be determined and explained? (4) Despite the temporal complexity, do detectable spatial differences in Se concentrations persist through time, and what is their explanation? Although these questions are of particular interest in San Francisco Bay and for the management of Se, their answers and underlying mechanisms are relevant to understanding contaminant exposures in complex estuarine environments across the globe.
MATERIALS AND METHODS

Sites
The sites in San Pablo Bay, Carquinez Strait and adjoining Suisun Bay are located near the head of the San Francisco Bay estuary, seaward of the confluence of the Sacramento-San Joaquin rivers (Fig. 1) . The area is a major part of the migration corridor and feeding ground for anadromous fish and seasonally is a nursery area for fish that spawn either in freshwater or in the ocean (Kimmerer 2002) . This area further serves migratory birds and year-round species of diving ducks, shorebirds and terns that have been shown to have elevated concentrations of Se (Poulton et al. 2004 , Ackerman & Eagles-Smith 2009 . The sites included here extend from the tidal, freshwater delta to San Pablo Bay and are sampled monthly as part of a larger USGS water quality program (http:// sfbay. wr. usgs. gov/ access/ wqdata).
The stations were chosen because they are influenced by different hydro dynamic and estuarine processes (Gross et al. 2010) and may also reflect different sources of Se to the estuary (Fig. 1) . Stn 4.1 is nearest the delta and receives inflow from the San Joaquin River, which includes Se-enriched agri cultural drainage water (Presser & Ohlendorf 1987) , and the Sacramento River, which is low in Se and provides the bulk of the freshwater inflow into northern San Francisco Bay. Stn 8.1 is located near 4 local oil refineries known to release Se into Carquinez Strait and Suisun Bay . Periodic sampling was also conducted at 3 other sites. Stn 415.1, located at the mouth of Montezuma Slough, receives water from both Suisun Bay and the Sacramento River but limited flow from the San Joaquin River. Stn 6.1 lies intermediate along the tidal gradient between Stns 8.1 and 4.1. Stn 12.5 is the farthest down-estuary site in San Pablo Bay and is situated near a single oil refinery.
Sample preparation and Se and stable isotope analysis
The estuarine clam Potamocorbula amurensis was collected on a nearmonthly basis from May 1995 through February 2012. The most consistent time series was from Stns 4.1 and 8.1. Approximately 80 individual clams ranging in size from 9 to 18 mm were collected, placed in water drained from the grab and depurated for 48 h (Brown & Luoma 1995) . Samples were processed as described in Brown & Luoma (1995) . Briefly, clams of similar length were grouped to form 2 to 3 sub samples per site per date. Each subsample was separately frozen at −80°C until dissected. Soft tissues were re moved, pooled by subsample in acid-washed polycarbonate vials (SPEX CertiPrep), weighed to the nearest 0.01 g, refrozen and then freeze-dried (VirTis Freezemobile 12ES). Freeze-dried tissues were weighed and then ground into a coarse powder using a ball mill (SPEX CertiPrep 5100). A known tissue mass (100 to 200 mg) was digested in a Teflon beaker using a modification of the procedure de scribed in Elrick & Horowitz (1985) . Specifically, Lefort aqua regia was substituted for nitric acid in the first step of the digestion, and nitric acid was substituted for hydrofluoric acid in the second addition of hydro fluoric-perchloric acids. Samples were then brought up to volume in 0.5% nitric acid. A 5 ml aliquot was taken and mixed with 5 ml 12 M HCl to reduce the Se and then analyzed by hydride generation atomic absorption spectroscopy (HGAAS). Ana lysis of Se by HGAAS was done through mid-2001, after which Se was quantified by inductively coupled plasma atomic emission spectroscopy. Quality assurance/quality control (QA/QC), which accounted for 20% of each analytical run, was maintained by the co-digestion and analysis of various standard reference materials from several sources, including the National Institute of Science and Technology, the National Research Council Canada and the International Atomic Energy Agency. A total of 10% of the clam tissue samples in a run were analyzed in duplicate, and digestion blanks were processed to ensure the purity of the acids and other reagents. Detailed QA/QC results are provided in Table 2 in Kleckner et al. (2010) . Se concentrations are expressed on a dry weight basis (µg g −1 ). Spatiotemporal variability in food quantity was determined by phytoplankton biomass inferred from near-bed chl a concentrations and suspended particulate material (SPM) and their ratios (chl a:SPM) (for methods see http:// sfbay. wr. usgs. gov/ access/ wqdata). To evaluate variation in the sources and quality of food consumed by Potamocorbula amurensis, stable isotopes and elemental ratios of carbon and nitrogen were measured in soft tissues beginning in July 1999. Stable isotopes have been shown to be effective in identifying contributions of different carbon sources (France 1995) and provide a spatially and temporally integrated measure of trophic relationships in a food web (Peterson & Fry 1987) . In estuaries, variable contributions of source water (e.g. riverine vs. bay water) in time and space can also influence isotopic signatures of carbon and nitrogen entering the base of the food web. For example, algal carbon isotopic signatures are strongly influenced by the δ
13
C values of dissolved inorganic carbon (DIC). The δ
C signature of the carbon in DIC is enriched at increasing salinities (Spiker & Schemel 1979) . As phytoplankton populations grow, the phytoplankton cells incorporate a salinity-specific signature of the source DIC (Canuel et al. 1995 , Cloern et al. 2002 . Shifts in δ 15 N signatures of nutrients taken up into phytoplankton and propagated up food webs may also occur depending on nitrogen loading and nitrogen recycling (Canuel et al. 1995 , Cabana & Rasmussen 1996 , Cloern et al. 2002 . Elemental concentrations of carbon and nitrogen (molar ratios) in invertebrates are a qualitative indicator of the nutritional quality of food consumed (Elser et al. 2000) and have been shown to reflect short-term changes in nutrient status of the environment (Smaal & Vonck 1997) . Subsamples of soft tissues of clams were analyzed for carbon and nitrogen content (i.e. molar C:N ratios) and δ 13 C and δ 15 N ratios at the Stable Isotope Facility, University of California, Davis. Samples were analyzed using a Europa Scientific Hydra 20/20 continuous flow isotope ratio mass spectrometer and Europa ANCA-SL elemental analyzer, which converts organic carbon and nitrogen into CO 2 and N 2 gas. Results are presented as deviations from standards, expressed as δ N. The standard for carbon is Pee Dee Belemnite, and the standard for nitrogen is atmospheric diatomic nitrogen. Instrument precision was 0.1 ‰ for carbon and 0.3 ‰ for nitrogen based on replicate analyses of standard reference materials. Detailed QA/QC results are provided in Kleckner et al. (2010) .
Hydrodynamic model simulations
Preliminary simulations of the physical distribution of Se released from point sources in northern San Francisco Bay were conducted using a 3-dimensional (3D) hydrodynamic model (Delft3D) covering San Pablo Bay and Suisun Bay (see van der Wegen et al. 2011 for model details). Model simulations specified loading of Se from 5 local refineries (Fig. 1) ) inflows. The model simulations assumed constant loading of Se based on values specified in and no biological reactions.
Data analysis
Monthly data and measures of variability for subsamples for clam Se concentrations, clam lengths, soft tissue molar C:N ratios, and δ 15 N and δ
13
C values are provided in Supplement A (www.int-res. com/ articles/suppl/m492p041_supp.pdf). Correlations between Se concentrations and clam length may bias estimates of mean Se concentrations (Cain & Luoma 1986 , Wang & Dei 1999b , Lee et al. 2006 . To correct for this effect, log Se concentrations were regressed against log clam length for each season using monthly subsamples as replicates (n = 2− 4 mo × 2−3 subsamples) (JMP ® 9 Fit Model platform, SAS Institute 2010). When there were significant relationships between clam length and Se concentration (see Figs. S2 & S3 in Supplement B) , the relationship was used to calculate Se concentrations at a standard clam length of 13 mm (grand mean length for entire data set); otherwise, mean monthly Se values were calculated based on the unadjusted mean of 2 to 3 subsamples per month.
Freshwater inflow (m 3 s −1
) from the delta into San Francisco Bay is estimated by an index of net delta outflow, which corrects total delta outflow for exports to water diversion projects and within-delta diversions (IEP 2006) . To determine if freshwater inflows affect Se concentrations (e.g. if higher inflows dilute an internal Se source), it will likely take time for an organism to reflect the change in exposure. A biodynamic model developed for Se bioaccumulation in Potamocorbula amurensis (Lee et al. 2006 ) was used to determine if a lag or offset in monthly freshwater inflow from Se concentrations in clams was appropri-ate to reflect the clams' response to their environment (Supplement C). The results indicated that the best relationships between Se concentrations at Stns 4.1 and 8.1 and freshwater inflow were found using freshwater inflows with a 60 d offset, which was employed in analyses below.
ANOVA or paired t-tests (time as a repeated measure) using JMP ® 9 (SAS Institute 2010) were used to determine spatial and temporal Se distributions. Means were log-transformed when required to meet assumptions of normality and homogeneity of variances. Post-treatment differences were assessed using Tukey's HSD test and JMP ® 9 Fit Model (SAS Institute 2010). Relationships between mean Se concentrations and freshwater inflow were evaluated for individual stations across months and for individual seasons across years using JMP ® 9 Fit Model (SAS Institute 2010).
RESULTS
Seasonal variability
Se in Potamocorbula amurensis showed a seasonal pattern within years ( Fig. 2, Fig. S1 in Supplement A) (Kleckner et al. 2010) . Mean monthly Se concentrations at Stns 4.1 and 8.1 were roughly 2 to 20% greater than the 17 yr annual mean in September through December (n = 4 mo). These months are defined henceforth as 'fall'. In contrast, Se concentrations were roughly 6 to 34% less than the 17 yr annual mean in March to June, with the lowest concentrations at both stations in May (Fig. 2) . March through June (n = 4 mo) were defined as 'spring'. January and February appeared to be transition months, when concentrations either declined toward the annual mean (Stn 4.1) or remained high (Stn 8.1). July and August fell slightly below (Stn 8.1) or above (Stn 4.1) the 17 yr grand annual mean. Comparison of months grouped into fall and spring seasons across all years showed that clam Se concentrations were greater in the fall relative to the spring at both Stns 4.1 (paired t (9) = 4.82, p = 0.0009) and 8.1 (paired t (15) = 2.66, p = 0.018).
Hydrology
Freshwater inflow to northern San Francisco Bay (Fig. 2) varies dramatically with season (e.g. Nichols et al. 1986) , with lower flows occurring in fall months. Mean Se concentrations for individual months (across all years) decreased linearly with freshwater inflow at Stns 4.1 (R 2 = 0.68, n = 12, p = 0.0006) and 8.1 (R 2 = 0.46, n = 12, p = 0.0095) (Fig. 3A) . The full range of variability in mean monthly Se concentrations for the corresponding range in mean monthly freshwater inflow was ~3 µg g −1 at both stations.
Food sources and quality
Se is accumulated predominantly via the diet (Lu oma et al. 1992); therefore, changes in food source and quality could potentially influence Se uptake by Potamocorbula amurensis. Isotopic signatures of clam tissues are indicative of the sources and quality of foods consumed by the clams, which in the present study appeared to change with freshwater inflows. Stable carbon and nitrogen isotope values were more depleted in the spring than in the fall at Stns 4.1 and 8.1, which is consistent with earlier studies showing depleted isotopic values in clams receiving greater sources of riverine food (Table 1) (Cloern et al. 2002) . Chl a concentrations in Suisun Bay were shown to increase with freshwater inflow from the delta (Jassby 2008) ; however, increasing monthly chl a concentrations with freshwater inflow in spring months were associated with declining mean monthly Se concentrations at Stns 4.1 (R 2 = 0.50, p = 0.006) and 8.1 (R 2 = 0.50, p = 0.006) (Fig. 3B ). Monthly SPM concentrations were also negatively related to Se concentra- tions at Stn 4.1 (R 2 = 0.42, p = 0.013, data not shown) and showed no relationship at Stn 8.1. Unlike for freshwater inflow, no lag in chl a or SPM values provided the best fit (see 'Discussion'). Despite these apparent changes in the source and quality of food available to the clams in Suisun Bay, clam tissue molar C:N ratios, which are indicative of the nutritional quality of the food consumed by the clams, did not differ between seasons at Stns 4.1 and 8.1 (Table 1) .
Interannual variability
Differences among years were evaluated using data constrained to the fall and the spring to reduce the complexities of seasonality. Se concentrations in the clams during fall declined rapidly at all stations after refinery treatment began in 1998 (Fig. 4A ). With Most importantly, fall Se concentrations were ~30% higher in the pre-treatment years (1995 to 1997) than in the post-treatment years (1999 to 2011) at both Stns 4.1 and 8.1 (Table 2) . Interannual patterns in Se concentrations in the spring were complex at Stns 4.1 and 8.1. There were no statistically significant differences in spring Se concentrations between pre-and post-treatment years at Stn 8.1, nor was the decade-long decline through 2006 evident as was observed in fall ( 
Hydrology
Freshwater inflow to northern San Francisco Bay varied among years over the 17 yr period of study. Inflows followed rainfall, which ranged from wet to critically dry water years (Fig. 4) . During the fall, there was no relationship between Se concentrations in clams and freshwater inflow at Stn 8.1; however, Se was negatively related to freshwater inflow at Stn 4.1 (Fig. 5A) . During the spring, Se was negatively related to freshwater inflow at both Stns 8.1 and 4.1. The relationships between freshwater inflow and fall and spring Se concentrations (Fig. 5A,B) were sufficiently similar at Stn 4.1 that a single negative relationship could be calculated using log-transformed freshwater inflow values: Se concentration = −2.1 × log freshwater inflow + 20 (R 2 = 0.66, p < 0.0001) (Fig. 5C ). This provides an estimated maximum effect of ~7.1 µg g −1 for Se concentrations in clams at Stn 4.1 across the full range of inflow variability.
At Stn 8.1, the relationships between interannual Se concentrations and freshwater inflow were more complex. Se concentrations in the fall ranged from 8 to 16 µg g −1 over a very small range of inflow rates (most < 400 m 3 s −1 ) (Fig. 5A ). In spring, the entire relationship was shifted to the right (Fig. 5B) . Spring discharge rates of <1000 m 3 s −1 were accompanied by mean Se concentrations nearly as high as con cen trations in fall. When average spring inflows exceeded 1000 m 3 s −1
, Se concentrations in clams were driven downward accordingly (Fig. 5B ).
Source inputs
Se concentrations for combined fall and spring seasons at Stn 8.1 were 23% higher in pre-treatment years than in post-treatment years (ANCOVA; F (2, 30) = 9.27, p = 0.0007) and displayed a negative relationship with freshwater inflow: Se concentration = −2.9 × log freshwater inflow + 32 (R 2 = 0.88, p = 0.0038). Unfortunately, there were insufficient data to test the relationship at Stn 4.1 during pretreatment years. During post-treatment years, the relationship between Se and flow was shifted downward at Stn 8.1 (Se concentration = −1.26 × log freshwater inflow + 18.76 (R 2 = 0.16, p = 0.021) (Fig. 5C) . Thus, the effect of Se inputs was to set the level (intercept) around which hydrology drove fluctuations in concentrations year to year. That level declined 23% after refineries improved waste treatment. The full range in freshwater inflow among years resulted in fall and spring mean Se concentrations in clams (post-treatment) that ranged from 7 to 15 µg g The distributions of clam lengths in the fall differed before and after treatment of refinery effluents. The years before refineries improved waste treatment (1995 to 1997) tended to have larger clams than posttreatment years at Stns 4.1 and 8.1 (Table 2) . Adjusting fall Se concentrations to a standard-sized clam of 13 mm further resolved differences in fall Se concentrations pre-and post-treatment at Stn 8.1 that were present prior to size adjustment and identified a difference at Stn 4.1 not evident in unadjusted data (Table 2) . Despite the possibility of a changing source of food, molar C:N ratios (an indicator of the quality of the food) were very consistent and did not appear to explain interannual variation in Se concentrations (Fig. S1C in Supplement D). Indeed, the quantity/ quality of clam food in the fall or spring, as defined by chl a, SPM and chl a:SPM, was not related to interannual variability in Se concentrations in clams (Fig. S7 in Supplement D).
Spatial distributions
Distributional patterns in Se concentrations were persistent through the 17 yr of the study (Table 3) . ), located at the northern entry point to Suisun Bay. Se concentrations tended to be greater at Stn 8.1 but did not differ from Stn 6.1 (the closest station to Stn 8.1 in Suisun Bay) for the years tested (mean difference = 1 µg g −1 ).
Source inputs
The locations of the sampling stations were chosen relative to potential sources of Se inputs. Stn 8.1 is located near 4 local oil refineries known to continuously release Se into Carquinez Strait and Suisun Bay ). All refineries together discharged on average 789 kg yr −1 of Se to the estuary in this region from 2005 to 2008 (based on publicly available effluent records), after the improvements in Se removal. Stn 4.1, nearest the delta, is the closest station to inflows from the San Joaquin River, which could bring waters enriched in Se from agricultural drainage into the bay when it is not being recycled back to the central valley (Presser & Ohlendorf 1987) . The higher concentrations of Se in clams from Stn 8.1 compared to Stn 4.1 over the entire 17 yr of study, in both fall and spring, suggest that a process that is continuous in time drives the gradient. This would not be consistent with Se inputs from the San Joaquin River. Thus, local inputs within the region where the refineries are located would be the simplest explanation for the spatial pattern if it were feasible that tidal advection, diffusion and other dispersive processes around Stn 8.1 could transport Se to the other sites up-and down-estuary.
Hydrology and hydrodynamics
Strong tidal currents in the bay will mix Se throughout the tidal range both landward and seaward from a source of input. Although concentrations of Se in clams differed among stations, they co-varied among stations across months and years ( ity was driven by the same processes at all stations, as might be expected if a driver common throughout the estuary (e.g. hydrology, hydrodynamics) affected an exposure common to the estuary (e.g. one dominant source of Se). Continuous inputs of Se to a site may allow a detectable spatial gradient to develop despite the complexities of estuarine hydrodynamics (e.g. Cutter & San Diego-McGlone 1990) . Although the distance between Stn 8.1 at Carquinez Strait and Stn 4.1 is greater than a single tidal excursion (D. Schoellhamer pers. comm.), multiple tidal cycles could theoretically disperse the Se from a source at Stn 8.1 to this up-estuary location, as is observed for other constituents in the estuary including salt and suspended sediment (Monismith et al. 2002 , Ganju & Schoellhamer 2006 . To directly test if this would be possible for Se inputs to Stn 8.1, preliminary simulations using a 3D hydrodynamic model (Delft3D) covering San Pablo Bay and Suisun Bay were conducted that specified constant loading of Se from the 5 local refineries (Fig. 1) over a period of 60 d . During low river inflows, such as those typical of the fall, the model predicts an increase in tracer Se concentrations through time at Stns 12.5, 8.1 and 4.1 from the refineries (Figs. 7 & 8) . After 60 d of the simulation, summed tracer Se concentrations at Stn 8.1 were approximately 67% higher than those at Stn 4.1 and 34% higher than those at Stn 12.5 (Fig. 8) .
The model indicated that during high flow (Sacramento River = 3200 m ), considerably less tracer Se would be accumulated at Stns 8.1 or 12.5, and no refinery tracer Se is detected up-estuary at Stn 4.1 (data not shown). A 60 d simulation cannot assess the ultimate accumulation of Se concentrations in this system, but it does suggest that it is feasible that the relative distribution of Se among stations, as observed in the clams, could be explained by dispersion from a single source of input near Stn 8.1.
Food source and quality
The complexities of estuarine ecological processes offer alternatives to the source load-driven explanation of the spatial gradient suggested above. 3D hydrodynamics may concentrate a constituent, such as nutrients, in a given area (e.g. if this is a 'null zone'). Landward to seaward increases in residence time are also possible that could facilitate a landward to seaward decrease in SPM and increase in phytoplankton (Jassby 2008) , which could be an important source of Se for the clams (Chen et al. 2012 ).
To determine if there was a consistent spatial pattern in isotope signatures that might be indicative of spatial differences in the source and quality of food consumed by clams, monthly measurements of δ 13 C and δ 15 N, collected concurrently at most stations in a single year during low inflows, were compared among stations (September through December 1999; Fig. 9 ). Since no samples were collected at Stn 4.1 for this year, we selected isotope data for Stn 4.1 for July through December in 2004, which was a year when Stn 8.1 isotope data were statistically similar to 1999. For this time period, δ 13 C values were distinct among stations, becoming progressively more enriched moving down-estuary from Stn 4.1 (δ 13 C = −26.55 ± 0.39 SD) to Stn 12.5 (δ 13 C = −22.68 ± 0.08 SD) as the proportion of carbon derived from freshwater sources declined (Fig. 9) (Spiker & Schemel 1979 , Canuel et al. 1995 . Nitrogen isotope values were less distinct but showed a slight enrichment down-estuary from There were some spatial differences in food quantity (i.e. chl a or SPM), but differences did not follow a down-estuary pattern as for δ 13 C or a mid-estuary peak (fall and spring) as did Se concentrations at Stn 8.1 (Fig. S7 in Supplement D). Fall chl a concentrations were similar between Stns 4.1 and 8.1 but higher at Stn 12.5 (paired t-tests, p < 0.01). There were no differences in chl a among stations in the spring. SPM concentrations in the fall decreased, and chl a:SPM increased down-estuary from Stn 4.1 to Stn 12.5 (paired t-tests, p < 0.01), but in the spring, the highest SPM and lowest chl a:SPM values were found at Stn 8.1 (paired t-tests, p < 0.01). Despite apparent spatial differences in food sources, the nutritional quality of food consumed by the clams, as indicated by molar C:N ratios (for the time period described above), did not differ among stations (ANOVA, F 4,10 = 2.32, p = 0.13).
DISCUSSION
Patterns of estuarine variability in Se bioavailability
One of the challenges in understanding the fate and effects of Se in estuaries is that small changes in Se concentrations in solution or on particulate material can result in large changes in Se bioaccumulation (Johns et al. 1988 , Stewart et al. 2004 , 2010 . Much has been learned about Se dynamics, biogeochemistry, and bioavailability in San Francisco Bay (e.g. Cutter 1989 , Cutter & San Diego-McGlone 1990 . The high frequency of sampling, the long-term continuous nature of the present study and the elevated Se concentrations (as compared to dissolved and suspended sediment concentrations) in the biomonitor Potamocorbula amurensis from Suisun and San Pablo bays allowed some new insights, however. Most important is the very high variability in time and space of bioavailable Se concentrations. Very little of this variability was intractable once inputs and estuarine processes were considered. Patterns in Se were a function of location, inputs, hydro logy, hydrodynamics and biology at both seasonal and annual scales. This type of complexity is probably typical of many estuaries where the ecosystem is enriched with Se or other trace metals of concern.
The persistent spatial pattern of Se concentrations in Potamocorbula amurensis, with a mid-estuarine peak near Carquinez Strait, is broadly similar to spatial distributions of Se in solution during low flows from the 1980s and 1990s (Cutter 1989 , suspended particulate matter as observed in January 2000 through fall 2002 (Doblin et al. 2006) and Se concentrations in P. amurensis observed in spatially intense samplings (Linville et al. 2002) . The persistence of a maximum in Se at Stn 8.1 regardless of seasonal and annual variations in hydrology, estuarine hydrodynamics and biological factors strongly indicates the importance of source inputs near Carquinez Strait. Preliminary 3D hydrodynamic modeling indicates that estuarine hydrodynamics could drive the entire spatial distribution by dispersing Se up-and down-estuary from the predominant source, although the model could not fully explain the degree of difference among stations. Patterns in the spatial distribution of chl a and variability in the nature of the food consumed by the bivalves (identified by their stable isotope signatures and molar C:N ratios) were not consistent with the pattern of Se distribution in the clams, suggesting that they were not the predominant driver of the spatial distribution. This is contrary to conclusions from a recent modeling effort (Chen et al. 2012) .
Temporal patterns of Se bioavailability were also clarified. Both seasonal and long-term patterns were similar station to station. This suggests that a set of processes common to all stations drove temporal variability within a level of contamination set by source inputs. A distinct, consistent seasonal cycle in Se concentrations in Potamocorbula amurensis ap peared to be predominantly driven by seasonal differences in river inflows, with the highest concentrations occurring in the season with the lowest riverine inflows to the estuary and, thus, the least dilution of internal sources of Se. Combined hydrodynamic and Se bio-availability models predict a similar seasonality (Chen et al. 2012) . Seasonal changes in food sources (and perhaps differences in Se bioavailability among these sources; Baines & Fisher 2001) could not be eliminated as an additional driver of seasonality. But the nutritional quality of the food consumed by the clams was remarkably consistent, suggesting that changes in bioavailability through seasons would be driven by factors other than the quantities or proportion of chl a and SPM. Unlike other metals, the size of the clam appeared to have only a minor influence on the seasonal cycle of Se and could be managed by standardizing to a common length (Cain & Luoma 1990) . Nor did it appear that variable Se loading from sources was the cause of the seasonality, since effluent monitoring shows that inputs from the refineries are relatively constant within a year, and any inputs from the San Joaquin River would be expected to be irregular because of the complexity of the water management system and delta transport (IEP 2006 ).
An interannual pattern in Se bioavailability was also evident. First, annual mean and mean fall Se concentrations declined an estimated 23 and 31%, respectively, after refineries improved their waste treatment processes, eliminating selenite inputs and reducing total Se loadings to the estuary. Correcting for a small effect of clam size further highlighted the change driven by the improved waste treatment. Once the level of contamination was at a constant reduced magnitude, annual within-season differences in Se concentrations in the clams appeared to be driven by annual differences in freshwater inflows. Both δ 15 N signatures in clams and chl a:SPM, indicators of food sources consumed, varied among years concurrent with freshwater inflows, suggesting that the source of the food rather than the quality of food consumed by the clams could not be eliminated as contributors to the long-term patterns of variability, again, linked to river inflows.
Drivers of estuarine variability in Se bioavailability
Sources
Detecting source inputs of Se is challenging in the physically and ecologically complex estuarine environment. In San Francisco Bay, Se inputs from local sources set the level of contamination within which temporal fluctuations in Se concentrations in Potamocorbula amurensis occur. Bioaccumulation models and observations from nature suggest that bivalves with biodynamics similar to P. amurensis bioaccumulate ~1 to 3 µg g −1 (dry wt, steady state) Se in undisturbed environments (e.g. Lee et al. 2006) . Thus, Se in P. amurensis in San Francisco Bay appears to be enriched by 2 to 18 µg g −1 of Se depending on where and when clams are sampled.
Proximity to Carquinez Strait had a significant impact on Se concentrations in the clams. Se concentrations were consistently ~3 to 4 µg g −1 higher in clams at Stn 8.1 in Carquinez Strait compared to stations located further up-estuary near the freshwater delta (Stns 4.1 and 415.1) or down-estuary at Stn 12.5 in San Pablo Bay. These spatial differences persisted over the 17 yr time series, spanning a range of hydrologic and environmental conditions as well as changes in Se loading from local industries , Meseck & Cutter 2006 .
One explanation that has been proposed for the spatial distributions of Se in northern San Francisco Bay is the occurrence of hydrodynamic processes (i.e. gravitational circulation; Monismith et al. 2002 ) that either concentrate phytoplankton at Carquinez Strait (which is near Stn 8.1) or result in progressively increased residence time seaward and a progressive increase seaward in the standing stock of phytoplankton. Phytoplankton contain more bioavailable Se than other suspended particles (Schlekat et al. 2000) . The landward to seaward δ 13 C pattern in Potamocorbula amurensis as well as chl a enrichment at Stn 12.5 relative to Stn 8.1 were consistent with this hypothesis. But the spatial distribution of Se concentrations in the clam did not follow this pattern; Se concentrations in clams at Stn 12.5 were always less than those at Stn 8.1 (Table 3 , Fig. S1A in Supplement A). Further, the enrichment of δ 15 N in clams during years when X2 moved up-estuary indicated longer residence times and potentially greater local production within the bay. Indeed, the degree of δ 15 N enrichment in clams could predict differences in Se concentrations at Stns 4.1 and 8.1 but only up to a point (δ 15 N ≈ 10 ‰), beyond which Stn 8.1 always had higher Se than Stn 4.1. In both these cases, the distributions were those expected from dispersion of a constant source of input around Stn 8.1.
Modeling of potential dispersion from sources at Carquinez Strait took into consideration the complex interaction between Se loading, freshwater inflows and tides that occur. Results showed that internal sources of Se have the potential to be distributed throughout the northern estuary, particularly during low flow. These results do not consider factors such as residence times at different inflows or inputs from other sources, both of which also could influence Se bioavailability. Over the 17 yr period of study, Se concentrations in clams at Stn 8.1 were on average 33% higher than concentrations at Stn 4.1 for the fall lowflow season, an amount that is slightly one-half that predicted by the model. Similarly, during high inflow, Potamocorbula amurensis retained a degree of Se enrichment not predicted by the model (Fig. 5,  Table 3 ), even if all Se sources were eliminated. The discrepancies between the model and the observations raise the possibility of additional sources of enriched Se that is bioavailable in the northern estuary. The most likely sources would be occasional inputs from the San Joaquin River.
The San Joaquin River historically provided ~20% of the estuarine inflow. It now receives agriculture irrigation drainage elevated in Se and has total dissolved Se concentrations (0.68 ± 0.2 SD µg l −1 ) nearly 10 to 50 times that of the Sacramento River ). However, the influence on the bay of the Se-enriched inflows from the San Joaquin River remains unclear because (1) direct inflows from the San Joaquin River to the bay are mostly limited to high-flow months, since net flows during the summer and fall are almost always negative because of water diversions (IEP 2006) ; and (2) the delta that lies between the San Joaquin River and the bay is probably a sink for Se removal, but the magnitude of that removal remains uncertain (Meseck & Cutter 2006) . These factors suggest that if inputs from the San Joaquin River have a detectable influence on Se bioavailability in the bay, it would be temporally complex and unlikely to explain the seasonal patterns of fluctuation in Se concentrations. As noted above regarding the model results, aspects of the longer-term patterns of change in fall and spring Se concentrations could be influenced by aperiodic inputs from the San Joaquin River, superimposed on the dominant effects of inflows in diluting Se bioavailability in high-flow years and allowing greater overall bioaccumulation in low-flow years. If inflows of San Joaquin River to the bay were to increase (e.g. under some of the water management scenarios being proposed for the future), it seems feasible that this source of contamination could become more im portant.
Riverine inflows
Seasonal freshwater inflow from the delta ex plained 68 and 46% of the month-to-month variation in Se concentrations in clams at Stns 4.1 and 8.1, respectively. The Sacramento River provides the largest proportion of freshwater flow to San Francisco Bay and has a low and constant total dissolved Se concentration of 0.072 ± 0.021 µg l −1 ). During the summer and fall low-flow periods, the Sacramento River may supply as much as ~1000 g d −1
of Se to the estuary. During high inflows, a larger load of Se will enter the estuary from the river but in a proportionately larger volume of water. Because the mass of Se per unit volume of water does not change with inflows (concentrations are relatively constant at 0.07 µg l −1 ; ), the larger load will not change the concentration in the estuary. If sources internal to the estuary are present (e.g. industrial inputs), larger riverine inflows will dilute those concentrations proportional to the inflows, as the load from the internal sources becomes a small proportion of the riverine load (e.g. Cutter & San Diego-McGlone 1990) . Dilution would be the simplest explanation for the seasonal fluctuation in Se concentrations in Potamocorbula amurensis, as well as the riverine-driven portion of the interannual variability. Because the biomonitor concentrates Se and integrates changing bioavailable Se over time, the temporal signals in P. amurensis were more distinct than spatiotemporal signals in earlier studies of either dissolved Se or Se associated with particulates (on a mass particulate basis; , Doblin et al. 2006 .
Processes other than just dilution could affect inflow-linked seasonal or interannual fluctuations in Potamocorbula amurensis. Although tidal currents in the estuary are strong, most models suggest that longer residence times are likely as inflows recede in the summer and fall. Longer residence times would allow greater transformation of dissolved Se to particulate Se (via phytoplankton uptake) without, necessarily, large changes in Se concentrations in the total particulate mass (Baines et al. 2004 , Doblin et al. 2006 . This could create a larger pool of bioavailable Se during the fall season, in particular. This effect could superimpose temporal variability upon the spatial pattern, but the lack of spatial correlation with ex isting indicators of nutritional sources and quality show that it did not drive the spatial pattern. Further, the fact that monthly chl a concentrations were significantly correlated to monthly clam Se concentrations without incorporating a lag suggests that phytoplankton biomass did not have an effect on seasonal clam Se but, rather, that variations in both chl a and Se concentrations were coincident with changes in freshwater inflow.
Linked 3D hydrodynamic and phytoplankton models that include source inputs of Se in the northern estuary may provide further understanding.
Influence of clam size and nutrition on Se concentrations
It is well recognized that biological processes like growth and reproductive status can influence mean concentrations of Se in estuarine bivalves (reviewed by Luoma & Rainbow 2008) , but rarely are such effects quantified compared to other influences on bioaccumulation. In the case of Potamocorbula amurensis, that influence was relatively subtle and did not change the results. Adjusting Se concentrations in the clams to a common length removed the effect of allometric variation (Wang & Dei 1999a , Lee et al. 2006 ) on mean Se concentrations and allowed a more accurate determination of the magnitude of the refinery effect.
Despite the apparent variation in the source of food (imported or locally grown) consumed by the clams in the present study, the nutritional quality of the food appeared consistent in time and space and was probably not a key driver in determining Se concentrations in clams. As Se is incorporated into cells as selenoamino acids (i.e. selenocysteine; Hatfield et al. 1999 ) and selenoproteins (Vanda Papp et al. 2007) , strong variation in the relative elemental composition of soft tissues during spawning (Smaal & Vonck 1997) or as a result of nutrient stress (Okumura et al. 2002) could indicate effects on the nitrogen pool that binds Se within the organism relative to body weight. But this physiological condition was not indicated by the consistent C:N ratios of Potamocorbula amurensis across the samples (spatial, seasonal or interannual) in the time series.
CONCLUSIONS
Long-term biomonitoring of bioaccumulated contaminants can provide unique insights into the processes that control exposure of the food web to Se. Accumulation of Se in consumer organisms such as bivalves like Potamocorbula amurensis determines the degree of contamination and species in the upper trophic levels that will be most at risk from reproductive toxicity of the element (Stewart et al. 2004 , 2010 , Presser & Luoma 2010 . In the present paper, the 17 yr, near-monthly data set for the biomonitor P. amurensis, when combined with relevant ancillary chemical and isotope data and a preliminary physical model, provides the clearest indication to date of how Se inputs, biological and ecological processes and riverine inflows interact to produce spatially, seasonally and annually fluctuating contamination at the base of the San Francisco Bay estuarine food web.
A combination of biomonitoring, isotope determinations and historical chemical data , Doblin et al. 2006 indicate that spatial distributions of contamination are best explained by a source of contamination near Carquinez Strait, most likely refineries from which Se inputs are well documented (Cutter 1989 . Riverine inflows provide a powerful modulating force on the sourcedriven level of Se contamination, driving bioavailable concentrations up and down as inflows change seasonally and year to year. Inflows exert their effects via dilution, residence time and nutritional inputs. Assessment of risks to estuaries from contaminants, and their subsequent regulation, is too often limited to evaluation of source inputs and their chemistry in the environment. Environmental influences like riverine inflows are one necessary consideration if overall implications of the contamination are to be understood. The present study shows that bioavailability of contaminants to crucial species in the food web can be monitored effectively. Evaluation of biomonitoring data over the long term with adequate spatial coverage can provide information on processes influencing the fate and effects of contaminants that are otherwise unavailable. 
